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Abstract: Companion animals have been described as potential reservoirs of antimicrobial resistance
(AMR), however data remain scarce. Therefore, the objectives were to describe antimicrobial usage
(AMU) in dogs and cats in three European countries (Belgium, Italy, and The Netherlands) and to
investigate phenotypic AMR. A questionnaire and one fecal sample per animal (n = 303) were collected
over one year and AMU was quantified using treatment incidence (TI). Phenotypic resistance profiles
of 282 Escherichia coli isolates were determined. Nineteen percent of the animals received at least one
antimicrobial treatment six months preceding sampling. On average, cats and dogs were treated with
a standard daily dose of antimicrobials for 1.8 and 3.3 days over one year, respectively. The most
frequently used antimicrobial was amoxicillin-clavulanate (27%). Broad-spectrum antimicrobials
and critically important antimicrobials for human medicine represented 83% and 71% of the total
number of treatments, respectively. Resistance of E. coli to at least one antimicrobial agent was found
in 27% of the isolates. The most common resistance was to ampicillin (18%). Thirteen percent was
identified as multidrug resistant isolates. No association between AMU and AMR was found in the
investigated samples. The issue to address, regarding AMU in companion animal, lies within the
quality of use, not the quantity. Especially from a One-Health perspective, companion animals might
be a source of transmission of resistance genes and/or resistant bacteria to humans.
Keywords: antimicrobial use; antimicrobial resistance; companion animals; critically important
antimicrobials; colistin resistance; one health
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1. Introduction
Antimicrobial resistance (AMR) is a complex issue with many contributing factors [1]. The most
important contributing factor is antimicrobial usage (AMU), which can promote selection of bacteria
with acquired resistance in animals and humans [2–7]. Moreover, transmission of resistant bacteria or
their resistance genes is possible between animals and humans via direct or indirect contact, through
food/feed and the environment [8–10]. For a long time, focus was mostly on food producing animals.
This attention was translated into many actions and a significant reduction in AMU in many developed
countries. Remarkably, this has been achieved without jeopardizing animal health and welfare in the
food-producing industry [11,12].
Recently, dogs and cats are increasingly considered to also be a reservoir and a relevant transmission
pathway [8,9,13,14]. The transmission of resistance through dogs and cats (further referred to as
companion animals) to humans is described in scientific literature [15–17], but the extent to which
this occurs is still largely unknown [18–21]. However, in Europe there are more than 102 million and
86 million households that own cats and dogs, respectively [22]. As it is known that owners often
have intensive contact with their companion animals, the European Medicines Agency (EMA) already
addressed the lack of knowledge regarding risk factors and transmission routes for transfer of AMR
between companion animals and humans, also pointing out the limited understanding of current
AMU in companion animals within the European Union’s (EU’s) member states [23].
Some studies in companion animals already demonstrated a high use of broad-spectrum
antimicrobials, critically important antimicrobials for human medicine and a prescription behavior
that is often not in line with current European guidelines [24–29]. Nevertheless, these type of
studies are rather rare, mostly cover only one country and use different methods, which restricts
comparison between countries. Multi-country studies with a standardized methodology, can improve
our understanding of AMU in companion animals, which is key to enable the transition towards a
more responsible AMU [23].
Prudent use of antimicrobials to prevent AMR is not only important from a public health
perspective, but also for animal health and welfare [30]. It is expected that the loss of efficacy of
antimicrobials, as seen in human medicine, will also arise in veterinary medicine [23]. Already,
studies reporting on the isolation of resistant pathogens from cats and dogs, are becoming more
common [31–35].
Not only does AMU have a selective pressure for resistance in pathogenic bacteria but also in
commensals that are part of the microbiota [36,37]. Among the animal commensal flora, Escherichia
coli has been recognized for humans as a potential source of exposure to resistance [38,39], and is
considered a good indicator for the effects of selective pressure of AMU [40]. This cross-sectional
study aims to explore the contribution of companion animals in the multifactorial ecology of AMR.
The objectives were to describe and quantify in a standardized manner AMU in companion animals in
three different European countries and to investigate phenotypic AMR in commensal E. coli isolated
from fecal samples.
2. Results
2.1. Antimicrobial Use
The questionnaires of 303 companion animals (151 dogs and 152 cats) provided information on
AMU in Belgium (dogs = 49; cats = 48), Italy (dogs = 50; cats = 50), and the Netherlands (dogs = 52;
cats = 54). Over a one-year period, 19% (n = 58) of the animals received at least one antimicrobial
treatment. In the three countries, frequency of animals with at least one antimicrobial treatment equaled
16%, 20%, and 22% for Italy, the Netherlands and Belgium, respectively. In total, cats received an
antimicrobial treatment less frequently (13%) than dogs (25%), resulting in an odds ratio (OR) for dogs
of 2.2 (95% CI: 1.2–4.1) when looking at species as a risk factor for being treated with antimicrobials.
However, in Belgium 25% of the cats received at least one treatment in one year compared to 18%
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of the dogs. None of the other analyzed factors were identified as a significant predictor for AMU,
except for one (Table S1). Animals that always stay inside were less likely to receive an antimicrobial
treatment (OR = 0.4; 95% CI: 0.2–09).
Taking into account the total sampled population (i.e., treated and not treated), treatment incidence
(TI), which resembles the percentage of a full year that the animal has been treated with a standard
dose of antimicrobials, ranged from 0.0% to 16.7% in cats and from 0.0% to 13.4% in dogs. The mean
treatment incidence (TI) was 0.9% for dogs and 0.5% for cats, meaning that, on average, dogs and
cats included in this study were being treated with a standard dose of antimicrobials during 3.3 days
(0.9%) and 1.8 days (0.5%) in a full year, respectively. However, in Belgium, cats were more frequently
exposed than dogs, with an average TI of 0.9 compared to 0.6, respectively. These results were in
contrast to cats and dogs in the Netherlands and Italy, as the average TI in dogs was two times higher
than in cats. Dogs in the Netherlands had the highest average TI (1.1), compared to Italian and Belgian
dogs (0.8 and 0.6, respectively). A detailed overview on TI can be found in Table 1.
Table 1. Antimicrobial usage in companion animals expressed as the sum of treatment incidence (TI) at
animal level.
Country Log. RegressionOR1 β—p-Value
Subgroup OR1
[95% CI]
Study Population Total
(%Treated–%Non-Treated)
Log. Regression
OR2 β—p-Value OR
2 [95% CI]
TI Avg
(Min–Max)
BE a Cats 48 (25–75%) 1.7–0.01 5.2 [1.5–24.2] a 0.9 (0.0–11.5)
Dogs 49 (18–82%) −0.4–0.4 0.6 [0.2–1.7] a 0.6 (0.0–13.4)
−0.4–0.4 0.7 [0.2–1.8] 97 (22–78%) 0.4–0.3 1.4 [0.7–3.0] a 0.7 (0.0–13.4)
IT b Cats 50 (6–94%) 0.5–0.5 1.5 [0.4–8.1] b 0.3 (0.0–7.1)
Dogs 50 (26–74%) 0.2–0.6 1.3 [0.5–3.0] b 0.8 (0.0–11.0)
1.7–0.01 5.5 [1.6–25.3] 100 (16–84%) 0.3–0.5 1.3 [0.6–2.7] b 0.5 (0.0–11.0)
NL c Cats 54 (9–91%) 1.2–0.04 3.2 [1.1–11.0] c 0.5 (0.0–16.7)
Dogs 52 (31–69%) −0.7–0.2 0.5 [0.2–1.3] c 1.1 (0.0–7.1)
1.5–0.008 4.4 [1.5–14.3] 106 (20–80%) 0.1–0.7 1.1 [0.6–2.2] c 0.8 (0.0–16.7)
Total Cats 152 (13–87%) 0.5 (0.0–16.7)
Dogs 151 (25–75%) 0.9 (0.0–13.4)
0.8–0.009 2.2 [1.2–4.1] 303 (19–81%) 0.7 (0.0–16.7)
Avg = Average; [95% CI] = 95% Confidence Interval; Min = Minimum; Max = Maximum. BE = Belgium; IT = Italy;
NL = the Netherlands; OR1 shows the odds ratio for species as a risk factor, at country level and overall; OR2 shows
the odds ratio for country as a risk factor, at species level and overall. a,b,c comparison between two countries:
a IT–BE, b IT–NL, c NL–BE.
Of the animals that received antimicrobials, most of them received a single treatment (67%).
For both species, amoxicillin-clavulanate was the most used active compound (cats 28%; dogs 27%).
For cats, the second most used active compound was cefovecin (21%, n = 6), although this was not
the case in every country as cefovecin usage for cats varied from 50% (n = 2) in Italy to 16% (n = 4)
in Belgium and 0% (n = 0) in the Netherlands. In dogs, cefalexin and spiramycin-metronidazole
(11% both) were the most chosen products, after amoxicillin-clavulanate. Figure 1 gives an overview on
the frequency of usage for each active substance. The overall quantity of administered antimicrobials
over a one-year period in this sampled population was 208,756.04 mg for dogs and 13,188.63 mg
for cats.
Average treatment duration equaled 19 days for ofloxacin (one prescription), 19 days
for metronidazole (2 prescriptions), and 14 days for cefovecin (7 prescriptions). The average
treatment duration for oral administered antimicrobials equaled 10 days (avg ± sd = 10 ± 7 days;
min–max = 1–42 days; 55 prescriptions), compared to 9 days for topical antimicrobials
(avg ± sd = 9 ± 11 days; min–max = 1–42 days; 11 prescriptions) and 6 days for parenteral
antimicrobials (avg ± sd = 6 ± 6 days; min–max = 1–14 days; 18 prescriptions).
Antibiotics 2020, 9, 87 3 of 16
Antibiotics 2020, 9, x FOR PEER REVIEW  4  of  17 
 
Figure 1. Percentage of antimicrobial treatments per active compound. Every piece of the pie chart is 
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antimicrobial; orange color = critically important antimicrobial of high priority; red color = critically 
important antimicrobial of highest priority; Results at species and country level are shown in Table 
S2. 
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Figure 1. Percentage of antimicrobial treatments per active compound. Every piece of the pie
chart is colored in the corresponding assigned color code based on the classification of the World
Health Organization (WHO). Green color = important antimicrobial; yellow color = highly important
antimicrobial; orange color = critically important antimicrobial of high priority; red color = critically
important antimicrobial of highest priority; Results at species and country level are shown in Table S2.
2.2. Antimicrobial Resistance
E. coli was successf lly isolated from 282 (93%) of the fecal sam les, meaning isolation was
unsuccessful for 21 sam les. As result, MIC values for a total of 282 E. coli isolates from Belgium (dogs
= 44; cats = 44), Italy (dogs = 50; cats = 50), and th Netherlands (dogs 51; cats = 43) were analyzed
in this study. In total, 73% of the isolates were fully susceptible for the tested antimicrobials, mea ing
that resistance to at least one a timicrobial agent w s found in 27% of the isolated E. coli. At country
level, Italy had a higher number f resistant isolates (41%) than Belgium and the Netherlands (23%
and 17%, respectively). As a result, when comparing to Italy, the odds to find a full susceptible
isolate in Belgium and the Netherlands, were 2.7 (95% CI: 1.4–5.1) and 3.9 (95% CI: 2.0–7.8) times
higher, respectively (a complete overview is shown in Table S3). This shows significant differences
in terms of full susceptibility between Italian isolates on one side and isolates from Belgium and the
Netherlands on the other side. These general country differences were also mirrored by certain types of
resistance. Resistance to ciprofloxazin (CIP) equaled 20% in Italy, compared to 5% and 1% in Belgium
and the Netherlands, respectively. Looking at all isolates, the most common resistances in E. coli
were to ampicillin (18%), sulfamethoxazole (15%), and tetracycline (14%). An overview for all tested
antimicrobials, stratified per species and per country is shown in Figure 2 and Table S4.
Two isolates showed resistance to colistin, a last resort antimicrobial in human medicine. For
both isolates this was the only resistance detected. These isolates were both from the Netherlands,
originating from a cat and a dog. The two animals did not have direct contact with each other. The
cat did not receive any antimicrobial treatment in the year prior to sampling. The dog received four
antimicrobial treatments in the previous year, of which one topical ear treatment with polymyxin B.
No resistance to carbapenems (meropenem) or tigecycline was detected.
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The most frequently found antimicrobial resistance patterns, stratified per country or species, are
shown in Table 2, together with multidrug resistance (MDR). Thirteen percent was identified as MDR
isolates, with resistance to three or more antimicrobial classes/subclasses (see definition for MDR in
materials and methods). Most of the isolates were resistant to only one antimicrobial agent (34%),
followed by resistance to two (18%) and six antimicrobials (16%) (Table 2). One isolate from Italy was
resistant to 10 different antimicrobials, including resistance to cefotaxime, suggesting that the isolate is
an extended-spectrum β–lactamase (ESBL) producer. Three other isolates, 2 Italian cats and 1 Belgian
cat, showed a similar pattern with resistance to ampicillin, cefotaxime and ceftazidime. Prevalence of
MDR isolates was significantly higher in cats (15.3%, n = 21) than in dogs (11%, n = 16) (OR = 1.8; 95%
CI: 1.0–3.3). However, at the country level this difference was only significant in Italy (OR = 2.8; 95%
CI: 1.1–8.3). The prevalence of MDR isolates at the country level was higher in Italian isolates (23%),
compared to 11% and 5% in isolates from Belgium and the Netherlands, respectively. However, when
looking at country as a risk factor to find a MDR isolate in companion animals, none of the countries
seemed to have a significant higher risk (Table S3).
Considering the population treated with antimicrobials in the year preceding sampling and
a successful E. coli isolation (n = 55), 15 E. coli isolates (27%) showed resistance to at least one
antimicrobial. Within this group of resistant isolates, 8 (57%) originated from animals that were treated
with antimicrobials within 150 days before sampling. From one animal, the date of the last registered
treatment was missing. Of the 40 non-resistant isolates within the group of treated animals, 50% were
from animals that were treated more than 150 days before sampling. The OR to find a resistant E. coli
isolate when having had an antimicrobial treatment less than 150 days before sampling equaled 1.3
(95% CI: 0.4–4.5). Considering the non-treated population one year before sampling and a successful E.
coli isolation (n = 227), 64 E. coli isolates (28%) showed resistance to at least one antimicrobial. The
OR of finding a resistant E. coli in the treated versus non-treated group was 1.0 (95% CI: 0.5–1. 9).
Only considering the cat population, 39% from the treated population and 29% from the non-treated
population, were resistant to at least one antimicrobial (OR= 1.9; 95% CI: 0.7–4.9). For dogs, prevalence
of resistance to at least one antimicrobial amongst the treated and non-treated population equaled, 22%
and 26%, respectively (OR = 0.7; 95% CI: 0.3–1.7).
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Table 2. Phenotypes of resistance among Escherichia coli isolated from feces of dogs and cats in three European countries.
Nr of AM Nr of Isolates(%)
Nr of Isolates
from Cats (%)
Nr of Isolates
from Dogs (%)
Nr of Isolates
in BE (%)
Nr of Isolates
in IT (%)
Nr of Isolates
in NL (%) Most Frequent Pattern
0 205 (74%) 96 (70%) 109 (75%) 68 (77%) 59 (59%) 78 (83%) -
1 26 (9%) 15 (11%) 11 (8%) 8 (9%) 11 (11%) 7 (7%) AMP
2 14 (5%) 5 (4%) 9 (6%) 3 (3%) 7 (7%) 4 (4%) SMX-TET; AMP-SMX
3 11 (4%) 5 (4%) 6 (4%) 1 (1%) 7 (7%) 3 (3%) AMP-SMX-TMP
4 5 (2%) 3 (2%) 2 (1%) 2 (2%) 2 (2%) 1 (1%) AMP-SMX-TMP-TET
5 6 (2%) 3 (2%) 3 (2%) 4 (5%) 2 (2%) - AMP-CHL-SMX-TMP-TET
6 12 (4%) 8 (6%) 4 (3%) 2 (2%) 9 (9%) 1 (1%) AMP-CIP-NAL-SMX-TMP-TET
7 2 (<1%) 1 (<1%) 1 (<1%) - 2 (2%) - AMP-CIP-NAL-AZI -SMX-TMP-TET;AMP-CIP-NAL-CHL-SMX-TMP-TET
10 1 (<1%) 1 (<1%) - - 1 (1%) - AMP-FOT-TAZ-CIP-NAL-AZI-GEN-SMX-TMP-TET
Total 282 137 145 88 100 94
Nr = number; AM = antimicrobials; BE = Belgium; IT = Italy; NL = the Netherlands; AMP = ampicillin; AZI = azithromycin; FOT = cefotaxime; TAZ = ceftazidime; CIP = ciprofloxacin;
CHL = chloramphenicol; GEN = gentamicin; NAL = nalidixic acid; SMX = sulfamethoxazole; TET = tetracycline; TMP = trimethoprim.
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Figure 2. Antimicrobial resistance proportions (%) among Escherichia coli isolates from feces of dogs and cats in three European countries against a set of
14 antimicrobials. (a) Shown for all samples with a successful E. coli isolations from cats (n = 137) and dogs (n = 148); (b) E. coli from Belgian cats (n = 44) and
dogs (n = 44); (c) E. coli from Italian cats (n = 50) and dogs (n = 50); (d) E. coli from Dutch cats (n = 43) and dogs (n = 51). AMP = ampicillin; FOT = cefotaxime;
TAZ = ceftazidime; MERO = Meropenem; CIP = ciprofloxacin; NAL = nalidixic acid; AZI = azithromycin; CHL = chloramphenicol; COL = colistin; GEN = gentamicin;
SMX = sulfamethoxazole; TMP = trimethoprim; TET = tetracycline; TGC = tigecycline. (Table S4).
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3. Discussion
To our knowledge, this is the first multi-country study that reports on both AMU and AMR in
companion animals, using standardized sampling, laboratory methods and AMU quantification protocols.
Currently there is no binding European policy that requires countries to report their veterinary AMU for
companion animals. Yet, this will become mandatory for all member states of the European Union by
2030 at the latest [41]. Concerning AMR monitoring, European legislation provides specific guidelines for
food-producing animals; however, companion animals are not included in this monitoring [42].
Over one year, approximately one out of five animals in this study received at least one antimicrobial
treatment. The observed average TI expressed per 100 animals-days at risk, is rather low (0.5 in
cats, 0.9 in dogs), compared to intensive livestock production. Previous studies on European broiler
and pig farms, using a similar quantification method, showed a median TI of 9.0 and 9.2 per
100 animal-days at risk, respectively [43,44]. However, this study shows an important use of critically
important antimicrobials (71%) (CIAs; see Section 4.3 of the Materials and Methods) in cats and dogs.
More specifically, 36% of the total number of treatments was represented by CIAs of high priority,
the other 35% were CIAs of the highest priority. Comparable results are highlighted in other studies
investigating AMU in companion animals [25,26,28,45–48]. A study in the UK, using data from 374
veterinary practices, reported similar proportions of CIAs usage, 60% in dogs and 81% in cats [49].
The most frequently used antimicrobial agent and CIA for dogs and cats was amoxicillin-clavulanate,
which corresponds to previous research [26–28,50,51].
AMU showed significant variation between countries and species. Dogs in this study were more
likely to be treated with an antimicrobial than cats. However, this was not the case in Belgium. At active
substance level, there was a more frequent use of cefovecin, a CIA of highest priority, in cats (n = 6)
compared to dogs (n = 1), as reported by Buckland and colleagues [49]. The most likely interpretation
behind this difference could be the convenience of the product for usage in non-cooperative animals,
as one parental administration of the product has a duration of action of up to 14 days [52].
At country level, the odds for a Belgian cat to be treated with an antimicrobial were on average
5.2 times higher than in Italy, and 3.2 times higher compared to a Dutch cat. These results are partly
reflected in the cefovecin use in cats, with 16% (n = 15), 50% (n = 4), and 0% (n = 10) of the total
number of treatments in cats being treatments with cefovecin in Belgium, Italy, and the Netherlands,
respectively. An outcome that could be driven by country specific legislation on the restrictive use of CIAs.
In 2014, such a legislation went into effect in The Netherlands, making antimicrobial sensitivity testing
mandatory if the veterinarian wanted to use third generation cephalosporins, such as cefovecin [53].
To our knowledge, such a legislation for companion animals is absent in Belgium and Italy.
The relatively high usage of CIAs raises concerns about selection of resistance to these drugs in
isolates from companion animals as potential source of resistance genes and/or resistant bacteria from
companion animals to humans. Resistance prevalence data are similar to those observed in other
studies [18,47,48]. In the current study, 27% of E. coli isolates from dogs and cats were resistant to at least
one antimicrobial. Thirteen percent were classified as MDR and the most frequent observed resistance
was to ampicillin. Compared to average resistance levels in food producing animals, resistance in cats
and dogs seems to be rather low. Data on resistance in E. coli from European pigs has been collected in
2017 within the EU and summarized by the European Food Safety Authority (EFSA), allowing for a
comparison of resistance levels found in this study. The EFSA report showed resistance levels between
50% and 70% for tetracycline, sulfamethoxazole, and trimethoprim [54], which is around three-times
higher than the levels found for companion animals in this study.
Nevertheless, some resistance levels found in this study are worrisome, as two Dutch isolates were
resistant to colistin [55]. To the best of our knowledge, colistin resistance in companion animals has only
been described in China (2015) [9], Germany (2017) [56], Finland (2018) [57], Ecuador (2019), [58] and
now also in the Netherlands. The Chinese study even reports a possible transmission from companion
animals to humans [9]. The isolates in this study derived from one dog and one cat. Both animals were
from the Netherlands, the only country that reported usage of this type of antimicrobial class (five
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events vs. zero events in both other countries). Only the dog received antimicrobial treatments in the
previous year, of which one topical ear treatment with polymyxin B. Polymyxin B belongs to the same
antimicrobial class as colistin and is often used in topical ear treatments for dogs and cats despite the
fact that it belongs to the CIAs with highest priority. Although topical treatment with polymyxins will
not directly select for the occurrence of colistin-resistant isolates in the gastrointestinal tract, the data
reinforce that polymyxins should preferably not be used as a first-line treatment.
When comparing full susceptibility levels in companion animals in Belgium (77%), Italy (59%), and
the Netherlands (83%), it seems that the odds of finding a fully susceptible E. coli isolate are lower in Italy.
At species level, resistance in dogs from Belgium (20%), Italy (30%), and the Netherlands (24%), were
comparable for the two neighboring countries, and only slightly higher in Italy. However, resistance in
cats was twice as high in Italy (52%) compared to Belgium (25%), and more than five-times higher
compared to the Netherlands (9%). A similar trend was observed for the prevalence of MDR in Italian
cats (32%) compared to cats from Belgium (9%) or the Netherlands (2%). Interestingly, AMU in Italy,
in this study, was not higher than in both other countries. More importantly, average TI in Italian cats
(0.3) was the lowest compared to 0.5 in the Netherlands and 0.9 in Belgium. However, with the small
sample size in this study, extrapolations of AMU and AMR to a national level should be done cautiously.
In fact, general veterinary AMU levels in Italy do exceed those in Belgium and the Netherlands, when
looking at the European Surveillance for Veterinary Antimicrobial Consumption (ESVAC) reports that
cover all veterinary antimicrobials sold at national level in 30 European countries [59]. These higher
usage levels in Italy, as reported by ESVAC, are present for both the reporting on sales of tablets (used in
companion animals) and the reporting on other pharmaceutical forms (used mainly in food-producing
animals, including horses) [59]. This raises the question if the higher prevalence of AMR and MDR
observed in Italian cats, together with lower odds to find a fully susceptible Italian isolate compared to
Belgium and the Netherlands, could be explained by this general higher AMU in veterinary medicine
in Italy, and in such a case, why Italian cats seem to have such higher AMR and MDR levels compared to
dogs. The latter is not the case for the Netherlands, where dogs show higher levels of AMR and MDR,
although not significant. Further research, focusing on differences at species and country level in AMU
and AMR in companion animals will be essential to answer these questions. In addition, future scientific
research should also look into the AMU and AMR levels of the owners, as different studies have already
suggested associations regarding AMR between companion animals and their owners [18,60–63].
The fact that AMU levels in this study do not completely comply with the trends seen in those
numbers of the ESVAC reports representing the use in companion animals (sales of tablets) [59], is
most likely due to the difference in type of data collected and quantification method. Quantification
of AMU was based on the mean recommended daily dose, derived from the summary of product
characteristics (SPC), to standardize the daily dosage as no ESVAC values exist for companion animals.
The variation between the recommended daily dosages on the SPCs from different products with the
same active compound was small. Nevertheless, the use of the recommended daily dose instead of the
used daily dose (i.e., the exact amount the animal was prescribed) is less accurate to describe the real
amounts of antimicrobials used. The weight of the animals was not specified in the questionnaires and
therefore a standard weight was used. The same weights have been used in a recent Dutch study [28]
and are based on a survey using over 40,000 dogs and 13,000 cats to calculate the mean weight of both
species [64]. The biggest limitation of the collected data lies in the small sample size analyzed in our
study, which makes extrapolation of the results to a national level challenging. In addition, the group
of treated animals was small. Therefore, comparisons of AMU and AMR levels between countries
and species should be interpreted while keeping in mind the restrictions of this small sample size.
Nevertheless, the results did show similar trends with previous studies [25,26,28,45–48] and enabled
the identification of some significant differences, although some might be missed due to a lack of power.
A recent Dutch study reported on the many different factors influencing the antimicrobial prescribing
behavior of veterinarians [52]. As no inclusion criteria were present at the level of the veterinarian, it is
expected that a certain (selection) bias is present within the study.
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A clear link between higher AMU and higher AMR could not be found within this study (OR, 1.0;
95% CI [0.5–1.9]). It must be emphasized that the sample size of treated animals was relatively small
(n = 58). Additionally, the timing from antimicrobial treatment until sampling was not standardized
and both topical treatments and short treatments were taken into account. Subgrouping different
treatments (i.e., oral vs. injection, topical vs. systemic, longer duration vs. short duration) and
comparing these groups and their effects on antimicrobial resistance was not possible because of the
small sample size. Despite these restrictions of the collected data, the results do give us new valuable
insights into AMU and AMR in cats and dogs.
4. Materials and Methods
Data and samples were collected between January 2015 and February 2016 in the framework of
the “Ecology from Farm to Fork Of microbial drug Resistance and Transmission (EFFORT)” project
(http://www.effort-against-amr.eu/), which investigated the epidemiology and ecology of AMR in
food-producing and companion animals, the environment and humans to quantify AMR exposure
pathways for humans.
4.1. Participants
A cross-sectional study was conducted in three European countries: Belgium, Italy and the
Netherlands. Veterinary practitioners were contacted to participate in the study. These veterinarians
randomly selected animals and aimed for a sample size of 50 dogs and 50 cats in each participating
country. Companion animals, one per owner, were selected based on the following inclusion criteria:
healthy animal, no veterinary visit 3 months before sampling, not suffering from any enteric disorder
at the time of sampling, a minimum age of one year and not living on a farm. There were no selection
criteria in terms of previous antimicrobial use, but a history record of AMU had to be available.
A written informed consent from the participating owners was obtained.
4.2. Sampling, Data Sources, and Measurement
One fresh fecal sample per animal was collected from the ground or litter box (minimum 10 g of
feces per sample). The owners filled in a questionnaire, developed within the EFFORT consortium,
containing questions about contact with other pets, diet, gastrointestinal problems, living area, medical
treatment in the past, etc. (Supplementary Materials Parts E and F). Fecal samples were aseptically
stored in containers at 4 ◦C and transported to the lab for processing within 24 h.
4.3. Quantification of AMU
The available information from the questionnaires concerning AMU per animal included:
the commercial antimicrobial name, the frequency of administration (per day) and the duration
of treatment. This was done for all antimicrobials administered to the animal during the year preceding
the questionnaire (Supplementary Materials, Parts E and F). Treatments could be curative, or set up
from a metaphylactic or prophylactic point of view. Additional information on active compound
and administration route was retrieved from the summary of product characteristics (SPC). For each
antimicrobial compound, a color code was assigned in accordance with the classification of the World
Health Organization (WHO) list of CIAs [65]: green are important antimicrobials, yellow are highly
important, orange are critically important antimicrobials of high priority and red are critically important
antimicrobials of the highest priority. In this manuscript, CIAs refers to antimicrobials belonging to the
last two classes of that list.
AMU quantification was based on the methodology used by previous studies within the EFFORT
project [43,44]. However, TI was calculated by using a simplified formula as necessary assumptions
lead to identical factors in both nominator and denominator (Table 3). A detailed description of the
different factors can be found in the Supplementary Materials, Part G.
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Table 3. Formulas to quantify antimicrobial usage using treatment incidence (TI).
Formula Result
TIDDDca 1 =
AAD (mg/kg/day) × treatment duration (days) × standard weight per animal (kg)
DDDca (mg/kg/day) × number of days at risk (days) ×standard weight per animal (kg) × LA factor × 100 AAR Number of DDDca/100 days at risk/animal
TIDDDca 2 =
treatment duration
number of days at risk × LA factor × 100 AAR Number of DDDca/100 days at risk/animal
ADD = Assumed Administered Dose; DDDca = Defined Daily Dose for companion animals; LA factor = long acting factor; AAR = animals at risk; 1 The original TI formula for an
individual antimicrobial treatment; 2 The simplified TI formula with all identical factors in nominator and denominator removed.
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4.4. E. coli Isolation and Identification
Isolation methods were focused at E. coli as sentinel microorganism. Only one E. coli isolate per
sample was included in the study. All fecal samples were directly inoculated on MacConkey agar
plates and after an overnight incubation at 37 ◦C, one randomly picked presumptive E. coli colony
per sample was isolated, identified according to local standard methods and/or stored individually in
buffered peptone water with 20% glycerol at −80 ◦C, pending analysis.
4.5. Antimicrobial Susceptibility Testing
Minimum inhibitory concentrations (MIC) with broth microdilution were determined for a
fixed panel of antimicrobials by commercially available microtitre plates (EUVSEC, Thermo Fisher
Scientific UK Ltd, Loughborough, UK) according to ISO standard 20776-1-2006 [50]. EUCAST
epidemiological cut-off values were used to differentiate between wild-type and non-wild-type
susceptibility (henceforward referred to as resistant isolates). The epidemiological cut-off values
(ECOFFs) to define wild-type E. coli are listed in the supplementary materials, part G [51]. E. coli
ATCC 25955 was used as internal control strain. An isolate was defined as resistant or non-fully
susceptible when it showed resistance to at least one antimicrobial. In case of resistance to three or
more antimicrobial classes/subclasses, the isolate was defined as MDR. If resistance was present for 10
or more antimicrobials, the isolate was classified as XDR, based on the definitions from Feltrin and
colleagues [66].
4.6. Data Analysis and Statistical Analysis
The results of the questionnaires were exported to commercial software Excel (Microsoft
Corporation, Redmond, Washington, DC, USA). The database was cleaned using the following
procedure: treatments dated more than one year before the study were removed from the database.
Data was anonymized to ensure that results cannot be traced back to individual animals and owners.
After data cleaning, descriptive statistics were performed using Excel. To look for factors influencing
AMU, a univariate logistic regression was performed with AMU as a binary (use vs. no use) dependent
variable. Several parts of the questionnaire were taken into account after transformation of the relevant
questions into factors (Table S1). When significant, OR and their corresponding 95% confidence
intervals (CI) were estimated to describe the relationship with AMU (Table 2). Non-significant factors
are not shown. An identical logistic regression was performed to explore the influence of having
had an antimicrobial treatment (binary), on the presence of AMR in the E. coli isolated from the fecal
sample. Within the group of the treated animals, an additional binary summary factor, named “last
treatment less than 150 days before sampling”, was created to see if the period between the last reported
treatment and the moment of sampling had any influence on the occurrence of resistance. OR and
their corresponding 95% confidence intervals (CI) for this second logistic regression are shown in the
results. All data analysis was performed in R version 3.4.0 software (https://cran.r-project.org).
5. Conclusions
In conclusion, with 81% of the animals not receiving any antimicrobial treatment over a year,
AMU in companion animals seems rather low compared to AMU on pig and poultry farms [43,44].
Nevertheless, when an antimicrobial was used, it was often a CIA. For this reason, the issue to address,
regarding AMU in companion animal, does not lie so much within the quantity but rather within
the quality of antimicrobials used. Especially from a One-Health perspective, companion animals
might be a source of transmission of resistance genes and/or resistant bacteria to humans. At country
level, higher resistance in companion animals seems to follow trends of higher antimicrobial use
(both food-producing and companion animals), as reported by ESVAC [59], suggesting that resistance
levels in companion animals might be driven by other factors than only direct selective pressure by
antimicrobial treatment in cats and dogs.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/9/2/87/s1,
Table S1: Overview of factors used in a univariate logistic regression with antimicrobial usage as a binary
dependent variable, Table S2: The total number of antimicrobial treatments per active substance in dogs and cats,
stratified per country and in total, Table S3. Antimicrobial resistance expressed as full susceptibility (FS) or multi
drug resistance (MDR) and influencing factors, Table S4. Antimicrobial resistance among Escherichia coli isolates
from dogs and cats in three European countries against a set of 14 antimicrobials (expressed as a percentage
of the total number of isolates). Part E: questionnaire cat, Part F: questionnaire dog, Part G: Quantification of
antimicrobial usage and Antimicrobial susceptibility testing.
Author Contributions: All authors have read and agree to the published version of the manuscript.
Conceptualization, P.J., D.C., E.O., S.S., A.B., A.C., J.A.W., D.M., and J.D; methodology, S.S., L.V.G., A.B.,
J.A.W., D.M., and J.D.; software, L.V.G.; validation, L.V.G.; formal analysis, P.J., D.C., E.O., and S.S.; investigation,
D.C., H.G., L.V.G., A.F., and A.C.; resources, D.C., L.V.G., A.F., and A.C.; data curation, P.J., D.C., E.O., and L.V.G.;
writing—original draft preparation, P.J., D.C., and E.O; writing—review and editing, P.J., D.C., E.O., S.S., A.B.,
A.C., J.A.W., D.M., and J.D; visualization, P.J., D.C., and E.O.; supervision, S.S., A.B., J.A.W., D.M., and J.D.; project
administration, H.G and J.A.W.; funding acquisition, H.G., J.A.W., A.B., D.M., and J.D.
Funding: The research leading to these results has received funding from the European Community’s Seventh
Framework Program (FP7/2007-2013) under grant agreement number: 613754 (http://www.effort-against-amr.eu/).
Acknowledgments: The authors would like to thank all owners and veterinarians who agreed to participate in the
study and everyone involved in sampling and lab work in the different contributing countries: Veldman K., Carfora
V., Almonti F., Di Mateo P. and Cordaro G.; Members of the EFFORT Consortium, not being co-author: Schmitt H.4,
Luiken R.E.C.4, Heederik D.J.J.4, Van Essen A.2, Gonzalez-Zorn B.6, Moyano G.6, Sanders P.7, Chauvin C.7, David
J.7, Blaha T.8, Wadepohl.K.8, Brandt.M.8, Aarestrup.F.9, Hald.T.9, Duarte.S.9, Wasyl.D.10, Skarzyn´ska. M.10, Zajac
M.10, Daskalov H.11, Saatkamp H.12, and Stärk K.13; 6Complutense University of Madrid, Madrid, Spain; 7French
Agency for Food, Environmental and Occupational Health & Safety, Fougères, France;8University of Veterinary
Medicine Hannover, Bakum, Germany; 9National Food Institute, Technical University of Denmark, Kongens
Lyngby, Denmark; 10National Veterinary Research Institute, Pulawy, Poland; 11National Diagnostic Research
Veterinary Institute, Sofia, Bulgaria; 12Wageningen University and Research, Wageningen, the Netherlands;
13SAFOSO AG, Liebefeld, Switzerland.
Conflicts of Interest: The authors declare no conflict of interest.
Disclaimer: Daniela Ceccarelli is currently employed by the Research Executive Agency. The views expressed are
purely those of the author(s) and may not in any circumstances be regarded as stating an official position of the
European Commission.
References
1. Ferri, M.; Ranucci, E.; Romagnoli, P.; Giaccone, V. Antimicrobial resistance: A global emerging threat to
public health systems. Crit. Rev. Food Sci. Nutr. 2017, 57, 2857–2876. [CrossRef] [PubMed]
2. Goossens, H.; Ferech, M.; Vander Stichele, R.; Elseviers, M. Outpatient antibiotic use in Europe and association
with resistance: A cross-national database study. Lancet 2005, 365, 579–587. [CrossRef]
3. Dewulf, J.; Catry, B.; Timmerman, T.; Opsomer, G.; De Kruif, A.; Maes, D. Tetracycline-resistance in
lactose-positive enteric coliforms originating from Belgian fattening pigs: Degree of resistance, multiple
resistance and risk factors. Prev. Vet. Med. 2007, 78, 339–351. [CrossRef] [PubMed]
4. Soares Magalhães, R.J.; Loeﬄer, A.; Lindsay, J.; Rich, M.; Roberts, L.; Smith, H.; Lloyd, D.H.; Pfeiffer, D.U.
Risk factors for methicillin-resistant Staphylococcus aureus (MRSA) infection in dogs and cats: A case-control
study. Vet. Res. 2010, 41, 55. [CrossRef] [PubMed]
5. Burow, E.; Simoneit, C.; Tenhagen, B.-A.; Käsbohrer, A. Oral antimicrobials increase antimicrobial resistance
in porcine E. coli—A systematic review. Prev. Vet. Med. 2014, 113, 364–375. [CrossRef] [PubMed]
6. Chantziaras, I.; Boyen, F.; Callens, B.; Dewulf, J. Correlation between veterinary antimicrobial use and
antimicrobial resistance in food-producing animals: A report on seven countries. J. Antimicrob. Chemother.
2014, 69, 827–834. [CrossRef]
7. Van Duijkeren, E.; Schink, A.-K.; Roberts, M.C.; Wang, Y.; Schwarz, S. Mechanisms of Bacterial Resistance to
Antimicrobial Agents. Microbiol.Spectrum 2017, 6, 1–31.
8. Umber, J.K.; Bender, J.B. Pets and antimicrobial resistance. Vet. Clin. N. Am. Small Anim. Pract. 2009,
39, 279–292. [CrossRef]
Antibiotics 2020, 9, 87 13 of 16
9. Zhang, X.-F.; Doi, Y.; Huang, X.; Li, H.-Y.; Zhong, L.-L.; Zeng, K.-J.; Zhang, Y.-F.; Patil, S.; Tian, G.-B. Possible
Transmission of mcr-1-Harboring Escherichia coli between Companion Animals and Human. Emerg. Infect.
Dis. 2016, 22, 1679–1681. [CrossRef]
10. Koch, B.J.; Hungate, B.A.; Price, L.B. Food-animal production and the spread of antibiotic resistance: The role
of ecology. Front. Ecol. Environ. 2017, 15, 309–318. [CrossRef]
11. Collineau, L.; Rojo-Gimeno, C.; Léger, A.; Backhans, A.; Loesken, S.; Nielsen, E.O.; Postma, M.; Emanuelson, U.;
Grosse Beilage, E.; Sjölund, M.; et al. Herd-specific interventions to reduce antimicrobial usage in pig
production without jeopardising technical and economic performance. Prev. Vet. Med. 2017, 144, 167–178.
[CrossRef] [PubMed]
12. Postma, M.; Vanderhaeghen, W.; Sarrazin, S.; Maes, D.; Dewulf, J. Reducing Antimicrobial Usage in Pig
Production without Jeopardizing Production Parameters. Zoonoses Public Health 2017, 64, 63–74. [CrossRef]
[PubMed]
13. Odensvik, K.; Grave, K.; Greko, C. Antibacterial drugs prescribed for dogs and cats in Sweden and Norway
1990–1998. Acta Vet. Scand. 2001, 42, 189–198. [CrossRef] [PubMed]
14. Middlemiss, C. Encouraging responsible antibiotic use by pet owners. Vet. Rec. 2018, 182, 410. [CrossRef]
15. Somayaji, R.; Priyantha, M.A.R.; Rubin, J.E.; Church, D. Human infections due to Staphylococcus
pseudintermedius, an emerging zoonosis of canine origin: Report of 24 cases. Diagn. Microbiol. Infect. Dis.
2016, 85, 471–476. [CrossRef]
16. Lozano, C.; Rezusta, A.; Ferrer, I.; Pérez-Laguna, V.; Zarazaga, M.; Ruiz-Ripa, L.; Revillo, M.J.; Torres, C.
Staphylococcus pseudintermedius Human Infection Cases in Spain: Dog-to-Human Transmission. Vector
Borne Zoonotic Dis. 2017, 17, 268–270. [CrossRef]
17. Robb, A.R.; Wright, E.D.; Foster, A.M.E.; Walker, R.; Malone, C. Skin infection caused by a novel strain
of Staphylococcus pseudintermedius in a Siberian husky dog owner. JMM Case Rep. 2017, 4, jmmcr005087.
[CrossRef]
18. Carvalho, A.C.; Barbosa, A.V.; Arais, L.R.; Ribeiro, P.F.; Carneiro, V.C.; Cerqueira, A.M.F. Resistance patterns,
ESBL genes, and genetic relatedness of Escherichia coli from dogs and owners. Braz. J. Microbiol. 2016,
47, 150–158. [CrossRef]
19. Strommenger, B.; Kehrenberg, C.; Kettlitz, C.; Cuny, C.; Verspohl, J.; Witte, W.; Schwarz, S. Molecular
characterization of methicillin-resistant Staphylococcus aureus strains from pet animals and their relationship
to human isolates. J. Antimicrob. Chemother. 2006, 57, 461–465. [CrossRef]
20. van Duijkeren, E.; Houwers, D.J.; Schoormans, A.; Broekhuizen-Stins, M.J.; Ikawaty, R.; Fluit, A.C.;
Wagenaar, J.A. Transmission of methicillin-resistant Staphylococcus intermedius between humans and animals.
Vet. Microbiol. 2008, 128, 213–215. [CrossRef]
21. Weese, J.S.; Dick, H.; Willey, B.M.; McGeer, A.; Kreiswirth, B.N.; Innis, B.; Low, D.E. Suspected transmission
of methicillin-resistant Staphylococcus aureus between domestic pets and humans in veterinary clinics and in
the household. Vet. Microbiol. 2006, 115, 148–155. [CrossRef]
22. Number of Pet Animals in European Union in 2016, by Animal Type. Available online: https://www.statista.
com/statistics/515010/pet-population-european-union-eu-by-animal/ (accessed on 17 May 2018).
23. European Medicines Agency. Committee for Medicinal Products for Veterinary Use (CVMP)
Reflection Paper on the Risk of Antimicrobial Resistance Transfer from Companion Animals. 2015.
Available online: https://www.ema.europa.eu/en/documents/scientific-guideline/reflection-paper-risk-
antimicrobial-resistance-transfer-companion-animals_en.pdf (accessed on 16 February 2020).
24. Escher, M.; Vanni, M.; Intorre, L.; Caprioli, A.; Tognetti, R.; Scavia, G. Use of antimicrobials in companion
animal practice: A retrospective study in a veterinary teaching hospital in Italy. J. Antimicrob. Chemother.
2011, 66, 920–927. [CrossRef]
25. Sarrazin, S.; Vandael, F.; Van Cleven, A.; De Graef, E.; De Rooster, H.; Dewulf, J. The impact of antimicrobial
use guidelines on prescription habits in fourteen Flemish small animal practices. Vlaams Diergeneeskd.
Tijdschr. 2017, 86, 173–182.
26. Mateus, A.; Brodbelt, D.C.; Barber, N.; Stärk, K.D.C. Antimicrobial usage in dogs and cats in first opinion
veterinary practices in the UK. J. Small Anim. Pract. 2011, 52, 515–521. [CrossRef]
27. Singleton, D.A.; Sánchez-Vizcaíno, F.; Dawson, S.; Jones, P.H.; Noble, P.J.M.; Pinchbeck, G.L.; Williams, N.J.;
Radford, A.D. Patterns of antimicrobial agent prescription in a sentinel population of canine and feline
veterinary practices in the United Kingdom. Vet. J. 2017, 224, 18–24. [CrossRef]
Antibiotics 2020, 9, 87 14 of 16
28. Hopman, N.E.M.; Van Dijk, M.A.M.; Broens, E.M.; Wagenaar, J.A.; Heederik, D.J.J.; Van Geijlswijk, I.M.
Quantifying antimicrobial use in Dutch companion animals. Front. Vet. Sci. 2019, 6, 158. [CrossRef]
29. De Graef, E.M.; Decostere, A.; Devriese, L.A.; Haesebrouck, F. Antibiotic Resistance among Fecal Indicator
Bacteria from Healthy Individually Owned and Kennel Dogs. Microb. Drug Resist. 2004, 10, 65–69. [CrossRef]
30. Battersby, I. Using antibiotics responsibly in companion animals. Practice 2014, 36, 106–118. [CrossRef]
31. Stolle, I.; Prenger-Berninghoff, E.; Stamm, I.; Scheufen, S.; Hassdenteufel, E.; Guenther, S.; Bethe, A.; Pfeifer, Y.;
Ewers, C. Emergence of OXA-48 carbapenemase-producing Escherichia coli and Klebsiella pneumoniae in dogs.
J. Antimicrob. Chemother. 2013, 68, 2802–2808. [CrossRef]
32. Pulss, S.; Stolle, I.; Stamm, I.; Leidner, U.; Heydel, C.; Semmler, T.; Prenger-Berninghoff, E.; Ewers, C.
Multispecies and clonal dissemination of OXA-48 carbapenemase in Enterobacteriaceae from companion
animals in Germany, 2009–2016. Front. Microbiol. 2018, 9, 1265. [CrossRef]
33. Köck, R.; Daniels-Haardt, I.; Becker, K.; Mellmann, A.; Friedrich, A.W.; Mevius, D.; Schwarz, S.; Jurke, A.
Carbapenem-resistant Enterobacteriaceae in wildlife, food-producing, and companion animals: A systematic
review. Clin. Microbiol. Infect. 2018, 24, 1241–1250. [CrossRef] [PubMed]
34. Marques, C.; Gama, L.T.; Belas, A.; Bergström, K.; Beurlet, S.; Briend-Marchal, A.; Broens, E.M.; Costa, M.;
Criel, D.; Damborg, P.; et al. European multicenter study on antimicrobial resistance in bacteria isolated from
companion animal urinary tract infections. BMC Vet. Res. 2016, 12, 213. [CrossRef] [PubMed]
35. Davis, M.F.; Iverson, S.A.; Baron, P.; Vasse, A.; Silbergeld, E.K.; Lautenbach, E.; Morris, D.O. Household
transmission of meticillin-resistant Staphylococcus aureus and other staphylococci. Lancet Infect. Dis. 2012,
12, 703–716. [CrossRef]
36. Marshall, B.M.; Ochieng, D.J.; Levy, S.B. Commensals: Underappreciated Reservoir of Antibiotic Resistance.
Microbe 2009, 4, 231–238. [CrossRef]
37. Martins da Costa, P.; Loureiro, L.; Matos, A.J.F. Transfer of Multidrug-Resistant Bacteria between Intermingled
Ecological Niches: The Interface Between Humans, Animals and the Environment. Int. J. Environ. Res. Public
Health 2013, 10, 278–294. [CrossRef] [PubMed]
38. Blake, D.P.; Hillman, K.; Fenlon, D.R.; Low, J.C. Transfer of antibiotic resistance between commensal and
pathogenic members of the Enterobacteriaceae under ileal conditions. J. Appl. Microbiol. 2003, 95, 428–436.
[CrossRef]
39. van den Bogaard, A.E.; Stobberingh, E.E. Epidemiology of resistance to antibiotics: Links between animals
and humans. Int. J. Antimicrob. Agents 2000, 14, 327–335. [CrossRef]
40. European Centre for Disease Prevention and Control. Antimicrobial Resistance Surveillance in Europe.
2015. Available online: https://www.ecdc.europa.eu/sites/default/files/media/en/publications/Publications/
antimicrobial-resistance-europe-2015.pdf (accessed on 16 February 2020).
41. European Parliament and The Council. Regulation (EU) 2019/6 of the European Parliament and of the Council
of 11 December 2018 on Veterinary Medicinal Products and Repealing Directive 2001/82/EC. European
Parliament and The Council, 2019. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/
?uri=CELEX:32019R0006&from=EN (accessed on 16 February 2020).
42. Ferreira, J.P.; Staerk, K. Antimicrobial resistance and antimicrobial use animal monitoring policies in Europe:
Where are we? J. Public Health Policy 2017, 38, 185–202. [CrossRef]
43. Sarrazin, S.; Joosten, P.; Van Gompel, L.; Luiken, R.E.C.; Mevius, D.J.; Wagenaar, J.A.; Heederik, D.J.J.;
Dewulf, J.; Wagenaar, J.; Graveland, H.; et al. Quantitative and qualitative analysis of antimicrobial usage
patterns in 180 selected farrow-to-finish pig farms from nine European countries based on single batch and
purchase data. J. Antimicrob. Chemother. 2019, 74, 807–816. [CrossRef]
44. Joosten, P.; Sarrazin, S.; Van Gompel, L.; Luiken, R.E.C.; Mevius, D.J.; Wagenaar, J.A.; Heederik, D.J.J.;
Dewulf, J.; Graveland, H.; Schmitt, H.; et al. Quantitative and qualitative analysis of antimicrobial usage
at farm and flock level on 181 broiler farms in nine European countries. J. Antimicrob. Chemother. 2019,
74, 798–806. [CrossRef]
45. Murphy, C.P.; Reid-Smith, R.J.; Boerlin, P.; Weese, J.S.; Prescott, J.F.; Janecko, N.; McEwen, S.A. Out-patient
antimicrobial drug use in dogs and cats for new disease events from community companion animal practices
in Ontario. Can. Vet. J. 2012, 53, 291–298. [PubMed]
46. Pleydell, E.J.; Souphavanh, K.; Hill, K.E.; French, N.P.; Prattley, D.J. Descriptive epidemiological study of the
use of antimicrobial drugs by companion animal veterinarians in New Zealand. N. Z. Vet. J. 2012, 60, 115–122.
[CrossRef] [PubMed]
Antibiotics 2020, 9, 87 15 of 16
47. Van Cleven, A.; Sarrazin, S.; de Rooster, H.; Paepe, D.; Van der Meeren, S.; Dewulf, J. Antimicrobial prescribing
behaviour in dogs and cats by Belgian veterinarians. Vet. Rec. 2017, 182, 324. [CrossRef] [PubMed]
48. Radford, A.D.; Noble, P.J.; Coyne, K.P.; Gaskell, R.M.; Jones, P.H.; Bryan, J.G.E.; Setzkorn, C.; Tierney, Á.;
Dawson, S. Antibacterial prescribing patterns in small animal veterinary practice identified via SAVSNET:
The small animal veterinary surveillance network. Vet. Rec. 2011, 169, vetrecd5062. [CrossRef]
49. Buckland, E.L.; O’Neill, D.; Summers, J.; Mateus, A.; Church, D.; Redmond, L.; Brodbelt, D. Characterisation
of antimicrobial usage in cats and dogs attending UK primary care companion animal veterinary practices.
Vet. Rec. 2016, 179, 489. [CrossRef]
50. European Food Safety Authority. Report from the Task Force on Zoonoses Data Collection including
guidance for harmonized monitoring and reporting of antimicrobial resistance in commensal Escherichia coli
and Enterococcus spp. from food animals. EFSA J. 2008, 6, 1–44. [CrossRef]
51. Kahlmeter, G.; Brown, D.F.J.; Goldstein, F.W.; Macgowan, A.P.; Mouton, J.W.; Österlund, A.; Rodloff, A.;
Steinbakk, M.; Urbaskova, P.; Vatopoulos, A. European harmonization of MIC breakpoints for antimicrobial
susceptibility testing of bacteria. J. Antimicrob. Chemother. 2003, 52, 145–148. [CrossRef]
52. Hopman, N.E.M.; Hulscher, M.E.J.L.; Graveland, H.; Speksnijder, D.C.; Wagenaar, J.A.; Broens, E.M. Factors
influencing antimicrobial prescribing by Dutch companion animal veterinarians: A qualitative study. Prev.
Vet. Med. 2018, 158, 106–113. [CrossRef]
53. Universiteit Utrecht. Anitibioticabeleid—Apotheek Diergeneeskunde—Universiteit Utrecht. Available online:
https://www.uu.nl/organisatie/apotheek-diergeneeskunde/dierenartsen/anitibioticabeleid (accessed on
18 November 2019).
54. European Food Safety Authority. The European Union summary report on antimicrobial resistance in
zoonotic and indicator bacteria from humans, animals and food in 2017. EFSA J. 2019, 17, 1–278.
55. Wang, R.; Van Dorp, L.; Shaw, L.P.; Bradley, P.; Wang, Q.; Wang, X.; Jin, L.; Zhang, Q.; Liu, Y.; Rieux, A.; et al.
The global distribution and spread of the mobilized colistin resistance gene mcr-1. Nat. Commun. 2018,
9, 1–9. [CrossRef]
56. Guenther, S.; Falgenhauer, L.; Semmler, T.; Imirzalioglu, C.; Chakraborty, T.; Roesler, U.; Roschanski, N.
Environmental emission of multiresistant Escherichia coli carrying the colistin resistance gene mcr-1 from
German swine farms. J. Antimicrob. Chemother. 2017, 72, 1289–1292. [PubMed]
57. Comms, V. Colistin Resistance Detected in Shelter Dogs Imported from Russia. University of
Helsinki. Available online: https://www.helsinki.fi/en/news/health/colistin-resistance-detected-in-shelter-
dogs-imported-from-russia (accessed on 10 December 2019).
58. Ortega-Paredes, D.; Haro, M.; Leoro-Garzón, P.; Barba, P.; Loaiza, K.; Mora, F.; Fors, M.; Vinueza-Burgos, C.;
Fernández-Moreira, E. Multidrug-resistant Escherichia coli isolated from canine faeces in a public park in
Quito, Ecuador. J. Glob. Antimicrob. Resist. 2019, 18, 263–268. [CrossRef] [PubMed]
59. European Medicines Agency. Sales of Veterinary Antimicrobial Agents in 19 EU/EEA Countries in 2010:
Second ESVAC Report. 2018. Available online: https://www.ema.europa.eu/en/documents/report/sales-
veterinary-antimicrobial-agents-19-european-union/european-economic-area-countries-2010-second-
european-surveillance-veterinary-antimicrobial_en.pdf (accessed on 10 December 2019).
60. Guardabassi, L.; Loeber, M.; Jacobson, A. Transmission of multiple antimicrobial-resistant Staphylococcus
intermedius between dogs affected by deep pyoderma and their owners. Vet. Microbiol. 2004, 98, 23–27.
[CrossRef] [PubMed]
61. Guardabassi, L.; Schwarz, S.; Lloyd, D.H. Pet animals as reservoirs of antimicrobial-resistant bacteria.
J. Antimicrob. Chemother. 2004, 54, 321–332. [CrossRef] [PubMed]
62. Damborg, P.; Nielsen, S.S.; Guardabassi, L. Escherichia coli shedding patterns in humans and dogs: Insights
into within-household transmission of phylotypes associated with urinary tract infections. Epidemiol. Infect.
2009, 137, 1457. [CrossRef] [PubMed]
63. Pomba, C.; Rantala, M.; Greko, C.; Baptiste, K.E.; Catry, B.; Van Duijkeren, E.; Mateus, A.; Moreno, M.A.;
Pyörälä, S.; Ruzauskas, M.; et al. Public health risk of antimicrobial resistance transfer from companion
animals. J. Antimicrob. Chemother. 2017, 72, 957–968. [CrossRef] [PubMed]
64. Van Geijlswijk, I.; Alsters, S.; Schipper, L. Voorschrijven van antimicrobiële middelen in de
gezelschapsdieren-praktijk. Tijdschr. Diergeneeskd. 2013, 25–29.
65. WHO Advisory Group on Integrated Surveillance of Antimicrobial Resistance (AGISAR). Critically Important
Antimicrobials for Human Medicine 6th Revision 2018. Ranking of Medically Important Antimicrobials for
Antibiotics 2020, 9, 87 16 of 16
Risk Management of Antimicrobial Resistance due to Non-Human Use. 2019. Available online: https://apps.
who.int/iris/bitstream/handle/10665/312266/9789241515528-eng.pdf?ua=1 (accessed on 16 February 2019).
66. Feltrin, F.; Alba, P.; Kraushaar, B.; Ianzano, A.; Argudín, M.A.; Di Matteo, P.; Porrero, M.C.; Aarestrup, F.M.;
Butaye, P.; Franco, A.; et al. A livestock-associated, multidrug-resistant, methicillin-resistant Staphylococcus
aureus clonal complex 97 lineage spreading in dairy cattle and pigs in Italy. Appl. Environ. Microbiol. 2016,
82, 816–821. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
